Background. The role of Toll-like receptors (TLRs) in adaptive immunity is incompletely understood. Recurrent human infections by group A streptococcus (GAS) and associated autoimmune conditions suggest that the immunity to GAS is intricately regulated and that TLRs may be involved in the regulation.
Streptococcus pyogenes (group A streptococcus [GAS] ) is one of the most frequent gram-positive pathogens of humans that causes a very large number and a broad spectrum of diseases [1] . A primary route of GAS infection is through colonization of the mucosal epithelium of the pharynx and tonsils, which is the leading cause of tonsillitis and also a reservoir for GAS spreading [2] . Moreover, recurrent tonsillitis increases the risk for GAS-associated autoimmune diseases, such as rheumatic fever and rheumatic heart disease; the latter continues to be a leading cause of cardiovascular morbidity and mortality in many developing countries of the world [3] . Although virulence mechanisms of GAS have been intensively studied, immune responses to GAS are still obscure. This has strongly impeded the development of an efficacious and safe GAS vaccine. Nasally infected GAS is taken up by the nasal-associated lymphoid tissues (NALT) [4, 5] . We have previously demonstrated that robust T helper 17 (Th17) cell responses are induced in NALT following multiple GAS infections or immunization with GAS antigen, and required for clearance of mucosal GAS [6, 7] . On the other hand, neutralizing antibody (Ab) directed to GAS C5a peptidase (scpA) significantly reduced GAS colonization in NALT [8, 9] . These facts indicate that both T and B cells play important roles in protection against GAS. Toll-like receptors (TLRs) can respond to pathogen-associated molecular patterns (PAMPs). Activation of TLRs triggers innate immunity and is critical in the regulation of adaptive immune responses. Although TLR2 is generally activated by components derived from gram-positive bacteria and TLR4 is triggered by lipopolysaccharide (LPS) from gram-negative bacteria, both can be activated by gram-positive bacteria, including GAS [10] [11] [12] . However, the role of these TLRs in immune responses to GAS remains incompletely understood.
In the present study, we investigated TLR2-and TLR4-regulated T-and B-cell responses to GAS. The results demonstrated that the Th17 response was reduced by 50%, but Ab production was significantly increased in TLR2 -/-mice. Conversely, Th17 responses were maintained in TLR4 -/-mice as high as in wild-type (WT) mice, while Ab responses were considerably decreased. Colony forming units (CFUs) recovered from NALT showed that adaptive GAS clearance was not affected in TLR2 -/-mice, whereas it was significantly impaired in TLR4 -/-mice. This previously unrecognized TLR2-and TLR4-regulated Th17 and Ab responses to GAS may provide clues for a better understanding of the basis of protective and pathogenic immunity to GAS.
MATERIAL AND METHODS

Ethics Statement
This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Institute of Microbiology, Chinese Academy of Sciences (IMCAS) Ethics Committee. The protocol was approved by the Committee on the Ethics of Animal Experiments of IMCAS (permit no. PZIMCAS2011002). The mice were bred under specific pathogen-free conditions in the laboratory animal facility at IMCAS. All animal experiments were conducted under isoflurane anesthesia, and all efforts were made to minimize suffering.
Bacterial Strains
GAS serotype M1 strain 90-226 and its isogenic strains of spectinomycin-resistant GAS (Spec R ) and scpA -serotype M1 were obtained from the University of Minnesota [7] . These strains were maintained on sheep blood agar and grown in Todd-Hewitt broth supplemented with 2% neopeptone (THB-Neo; BD Bioscience, San Jose, CA) with spectinomycin (50 μg/mL) when needed. The bacteria were cultured at 37°C in an atmosphere of 5% CO 2 . Overnight cultures harvested at the optical density (560 nm) of about 1.1 (OD560 ~1.1) were used to prepare bacterial infection experiment. CFUs were verified by plating on blood agar.
Mice
C57BL/6 WT mice were purchased from VitalRiver Laboratories Animal Center (Beijing, China). TLR2 -/-(B6; 129-Tlr2 tm1kir / JNju) and TLR4 -/-(B6; B10ScN-Tlr4) mice were purchased from Model Animal Research Center of Nanjing University to set up breeders. Genotypes of offspring mice were determined by polymerase chain reaction (PCR) analysis of tail DNA using previously described protocols [13, 14] . Those mice were of C57BL/6 background, and control C57BL/6 mice were age and gender matched when used.
Animal Infection and Immunization
Mice aged 4-6 weeks were anesthetized with an isoflurane/ oxygen mixture for 1 minute and intranasally (i.n.) inoculated with GAS M1 strain 0.5-1.0 × 10 8 /10 µL/mouse (5 mL/nostril). For immunization with soluble antigens, mice were i.n. inoculated with the indicated immunogen with GAS in 10 µL phosphate-buffered saline (PBS). Ovalbumin (10 µg; InvivoGen, San Diego, CA), scpA (20 µg), cholera toxin B subunit (1 µg), and Pam3CSK4 (10 µg; InvivoGen) were used together or separately. Control animals were immunized with PBS. Mice were immunized at weekly intervals 3 times and challenged with sublethal doses of the required serotypes of GAS (2 × 10 8 /mouse) 10 days after the last immunization. Twenty-four hours after challenge, NALT tissues were collected for CFU counting or 5 days later for flow cytometric analysis (fluorescent-activated cell sorter [FACS]) as previously described [6] . Blood was taken by cardiac puncture, and NALT supernatants were collected by preparing single-cell suspensions of NALT. Samples were stored at −20°C.
Lymphocyte Coculture With Bone Marrow-Derived Dendritic Cells
For coculture experiments, splenocytes from WT-naive mice were purified with using CD4 Microbeads MACS cell isolation system (Miltenyi Biotec, Auburn, CA), selecting CD4 + lymphocyte cells, and cocultured with heat-killed (HK) GAS-stimulated bone marrow-derived dendritic cells (BMDCs; 1 × 10 5 cells/well) from WT or TLR2 -/-mice in a total volume of 1 mL Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal calf serum and 1% penicillin/streptomycin, and incubated at 37°C for 3 days. Culture supernatants were collected for interleukin-17A (IL-17A) quantification by enzyme-linked immunosorbent assay (ELISA).
Flow Cytometric Analysis (Using FACS)
Single-cell suspensions (1 × 10 6 cells) from the NALT or spleen were stimulated in the presence of 50 ng/mL phorbol 12-myristate 13-acetate and 500 ng/mL ionomycin (Sigma, St. Louis, MO) in complete RPMI 1640 medium at 37°C in 5% CO 2 . After 30 minutes, 1 µL/mL brefeldin A solution (BioLegend, San Diego, CA) was added to the solution and the cells were incubated for another 4 hours. The cells were stained for 30 minutes at 4°C with appropriate combinations of fluorochrome-conjugated maternal Abs in the presence of 0.2% bovine serum albumin (BSA) and were fixed in 4% paraformaldehyde in PBS. For intracellular staining, fixed cells were permeabilized and stained in saponin (0.1% in PBS; Sigma) with Abs in the presence of 1.5% BSA. Antibodies used are listed in Supplementary Material and Methods. Samples were analyzed using a FACSCalibur or FACSCanto flow cytometer (BD Biosciences) and FlowJo software (Treestar, Ashland, OR). The frequencies of the T-cell subpopulations of interest were expressed as a fraction of the total CD4 + T cells (in percent).
Statistical Analysis
Each experiment was performed with 3-8 mice or samples per group. The statistical analyses were performed with GraphPad Prism software version 6.0. The CFUs were analyzed by 2-tailed unpaired Mann-Whitney U nonparametric t tests, and others by 2-tailed t test. The data were considered significantly different at P < .05.
Details of BMDC preparation, ELISA, ribonucleic acid (RNA) extraction, quantitative real-time PCR (qRT-PCR) and enzyme-linked immunospot (ELISPOT) assays are given in Supplementary Material and Methods.
RESULTS
TLR2 and TLR4 Were Activated in Response to GAS
To determine TLR2 and TLR4 expression in response to GAS, mouse BMDCs were treated with HK GAS. Transcripts of Tlr2 and Tlr4 were determined by qRT-PCR. Both Tlr2 and Tlr4 transcripts were significantly increased in response to HK GAS ( Figure 1A ). To confirm these findings in vivo, mice were i.n. inoculated with a low-dose of live GAS, and NALT was taken at 6 hours postinfection. Similarly, Tlr2 and Tlr4 transcripts in NALT were increased in response to GAS infection ( Figure 1B ), indicating that GAS is recognized by TLR2 and TLR4. Cell types of NALT that express TLR2 and TLR4 were further determined by FACS. The TLR2 + dendritic cells (DCs) were increased more than 8-fold after GAS infection compared with naive mice, and no significant increase of TLR2 expression was observed in other examined cell types ( Figure 1C ). Different from TLR2 response, TLR4 + cells were significantly higher in DCs and also CD3 + lymphocyte populations in response to GAS ( Figure 1D ), suggesting that DCs in NALT sense GAS infection through TLR2 and TLR4.
TLR2 (But Not TLR4) Contributes to Robust Th17 Responses in GAS
Infection
TLR2 promotes Th17 response to Streptococcus pneumoniae [15] . The increased expression of TLR2 suggests that TLR2 might be involved in the robust Th17 response to GAS [16] . Mice were infected with a low dose of GAS 3 times and challenged with a sublethal dose of the strain 10 days after the last infection. NALT cells analyzed by FACS revealed that the amount of IL-17 + CD4 + cells were significantly higher in both WT and TLR2 -/-mice 5 days after challenge. However, while approximately 40% of IL-17 + CD4 + cells in CD4 + cells were detected in WT mice, only approximately 20% of these cells were found in TLR2 -/-mice ( Figure 2A ).
To determine antigen-specific Th17 responses, ELISPOT assays were performed and showed that the number of GASspecific IL-17-secreting splenocytes were partially restricted in TLR2 -/-mice compared with WT mice ( Figure 2B ), indicating that GAS-induced Th17 responses are TLR2 dependent and TLR2 independent. To determine whether the decreased Th17 responses in TLR2 -/-mice result from TLR2 deficiency in DCs, splenocytes from WT-naive mice were cocultured with HK GAS-primed BMDCs from WT or TLR2 -/-mice. Culture supernatants were collected for IL-17 detection by ELISA. Consistently, the levels of IL-17 were significantly reduced in cocultures with TLR2 -/ -BMDCs ( Figure 2C ), confirming that TLR2 of DCs plays an important role in Th17 response to GAS.
In contrast, the levels of IL-17 + CD4 + cells in NALT of TLR4 -/-mice were as high as in WT mice ( Figure 2D ), indicating that TLR4 is not involved in regulation of Th17. We also examined responses of interferon-γ + CD4 + cells to GAS in NALT and and are presented as means ± SEM. *P < .05; **P < .01; ***P < .001; 2-tailed unpaired t tests. Abbreviations: BMDCs, bone marrow-derived dendritic cells; DCs, dendritic cells; FACS, fluorescent-activated cell sorter; GAS, group A streptococcus; HK, heat-killed; i.n., intranasally; MOI, multiplicity of infection; mRNA, messenger ribonucleic acid; NALT, nasal-associated lymphoid tissue; PBS, phosphate-buffered saline; p.i., postinfection; qRT-PCR, quantitative real-time-polymerase chain reaction; SEM, standard error of mean; TLR, Toll-like receptor.
found that, as reported previously [7] , these cells were minor with no significant differences between WT and TLR2 -/-mice ( Figure 2A right panel, and S1A) or between WT and TLR4 -/-mice ( Figure 2D right panel, and S1B).
Th17 cells provide protective immunity to GAS infection [6] . We predicted that bacterial clearance would be affected in TLR2 -/-mice. Low-dose-infected (LDI) mice were challenged with Spec R , and Spec R CFUs in NALT were determined 24 hours after challenge. Consistent with previous studies [6] , CFUs from LDI WT mice were significantly lower than those from naive WT mice. Unexpectedly, CFUs in LDI TLR2 -/-mice were also significantly lower than naive TLR2 -/-mice and comparable to those in LDI WT mice ( Figure 3A) , indicating that TLR2 deficiency does not affect adaptive GAS clearance. However, CFUs B, IL-17A secretion in response to GAS was measured in splenocytes by an ELISPOT assay (n = 3). C, GAS-and PBS-pulsed BMDCs from WT and TLR2 -/-mice were cultured with WT naive splenic CD4 + cells for 72 hours. The IL-17A in the supernatants of cultures were determined by ELISA after 72 hours (n = 4). D, The CD4 + IL-17 + cells in NALT from WT and TLR4 -/-mice were analyzed 5 days after challenge. Data are from 3 independent experiments and presented as means ± SEM. *P < .05; **P < .01; ***P < .001; 2-tailed unpaired t tests. Abbreviations: BMDCs, bone marrow-derived dendritic cells; CFUs, colony forming units; ELISA, enzyme-linked immunosorbent assay; ELISPOT, enzyme-linked immunospot; GAS, group A streptococcus; IL-17, interleukin-17; i.n., intranasally; NALT, nasal-associated lymphoid tissue; PBS, phosphate-buffered saline; SEM, standard error of mean; Th17, T helper 17; TLR, Toll-like receptor; WT, wild-type.
in TLR4 -/-mice were similar between LDI and naive groups ( Figure 3B ), indicating that TLR4 deficiency impairs the adaptive clearance of GAS, although robust Th17 activation was induced ( Figure 2D ).
TLR2-and TLR4-Regulated Ab Responses to GAS Discrepantly
Antibodies play an important role in protection against GAS [8] and may contribute to the differences among WT, TLR2 -/-, and TLR4 -/-mice. GAS-specific Abs determined by ELISA showed that levels of serum immunoglobulin G (IgG) of TLR2 -/-mice were significantly higher than those in WT mice, which resulted from increases in different IgG subtypes ( Figure 4A and S2A) . In addition, B-cell ELISPOT assays showed that GAS-specific IgG-secreting cells in the spleens were significantly higher in TLR2 -/-mice than in WT mice ( Figure 4B ), although the frequencies of total IgG + cells in the spleens were similar between the 2 groups ( Figure S2B ). Moreover, secretory immunoglobulin A (SIgA) in NALT ( Figure 4A ), GAS-specific IgA-secreting cells ( Figure 4B ), and total IgA + cells in NALT ( Figure S2C ) were significantly higher in TLR2 -/-than in WT mice. Because B cells differentiate, maturate, and switch the class of their antibodies in germinal centers in response to T-dependent antigens and require help of follicular T helper cells (T FH ) [17] , we analyzed GC B cells and T FH cells in NALT. Consistently, more of these cells were found in TLR2 -/-than in WT mice ( Figure 4C and 4D). Overall, these results indicate that GAS constrains GC development in NALT by the activation of TLR2, leading to restricted B-cell activation. Different from TLR2 -/-mice, levels of specific SIgA, IgA-secreting cells, and total IgA + B cells in NALT were significantly lower in TLR4 -/-than in WT mice ( Figure 5A-C) , although serum IgG and IgG-secreting cells in the spleen were similar between WT and TLR4 -/-mice ( Figure  S3A and S3B). These results indicate that TLR4 signaling is required for sufficient mucosal IgA production and suggest that the impaired GAS clearance in TLR4 -/-mice is caused by reduced mucosal antibodies.
To rule out possibilities that Ab responses are affected by counterbalanced expression of TLR4 in TLR2 -/-mice or TLR2 in TLR4 -/-mice, their expressions were determined by qRT-PCR. No significantly higher levels of TLR4 transcripts in NALT were detected in TLR2 -/-than in WT mice after GAS infection, although basal levels of Tlr4 expression were considerably higher in TLR2 -/-than in WT mice ( Figure 5D, left) . In contrast, compared to slightly increased Tlr2 expression in naive TLR4 -/-mice relative to naive WT mice (no significance), dramatically higher levels of TLR2 transcripts were found in TLR4 -/-than in WT mice after GAS infection ( Figure 5D , right). These results suggest that counterbalanced activation of TLR2 may contribute to the reduction of Ab responses seen in TLR4 -/-mice, but TLR4 signaling is less likely part of the cause of increased Ab production in TLR2 -/-mice.
GAS Constrains Ab Response to Itself But Not to Soluble Antigens
To exclude intrinsic differences between WT and TLR2 -/-mice in Ab responses, mice were i.n. immunized with ovalbumin (Ova), and mucosal adjuvant cholera toxin B subunit ( LPS removed) [6] , which is known to promote Ab responses without triggering the signaling of TLRs [9] . Responses of Ovaspecific serum IgG and NALT SIgA were equally activated in WT and TLR2 -/-mice ( Figure 6A and 6B, column pair 2), and were further enhanced by TLR2 agonist Pam3CSK4 in WT mice ( Figure 6A and 6B, column pair 4), indicating that without TLR2 activation, Ab responses are the same in WT and TLR2 -/-mice and that the reduced Ab responses to GAS in WT mice is caused by TLR2 activation. Because T-cell response to subunit antigens is limited ( Figure 7B ), enhanced Ab responses to Ova Figure 3 . The adaptive protection against GAS was unimpaired in TLR2-deficient mice. A-B, Mice were infected as in Figure 2 and were challenged with 2 × 10 8 CFUs/ mouse GAS (Spec R ) 10 days after the last immunization. CFUs in NALT were determined 24 hours after challenge. Data are presented as means ± SEM. **P < .01; ***P < .001; unpaired Mann-Whitney U nonparametric t tests. Abbreviations: CFUs, colony forming units; GAS, group A streptococcus; NALT, nasal-associated lymphoid tissue; SEM, standard error of mean; Spec R , isogenic spectinomycin-resistant strain of GAS; TLR, Toll-like receptor.
by Pam3CSK4 suggest that the activation of TLR2 promotes Ab responses in the absence of massive Th17 responses.
To determine if TLR2 activation by GAS can affect Ab response to a soluble antigen, mice were coinoculated with Ova and GAS. ELISA assays showed that Ab responses to Ova coimmunized with GAS were significantly enhanced compared with Ab responses to Ova immunized alone. However, different from Ab responses to GAS, they were similar between WT and TLR2 -/-mice ( Figure 6A and 6B, column pair 3), indicating that GAS enhances antibody responses to soluble Ova protein independent of TLR2. To verify the observed increase of Ab responses to GAS in TLR2 -/-mice, the samples from mice in Figure 6A (column pair 3) were measured for Ab responses to M1, which is expressed on the surface of the inoculated GAS strain. Levels of Abs to M1 ( Figure 6B , upper panel; and Figure  6C ) and GAS whole cells ( Figure 6B , lower panel; and Figure 6C ) were significantly higher in TLR2 -/-than in WT mice. To confirm the observation and to determine if a similar pattern of Ab responses to Ova could be induced when a soluble GAS antigen is administered along with GAS, mice were coinoculated i.n. with scpA, a recombinant GAS protein [8] (LPS removed) and an isogenic scpA -GAS strain, which is able to induce comparable levels of Tlr2 expression ( Figure S4A ). As shown in Figure  7A , a similar pattern of Ab responses to scpA was detected in WT and TLR2 -/-mice as that to Ova. Consistently, lower levels of Th17 cells ( Figure 7B ) and increased NALT IgA responses to the scpA -strain ( Figure 7C ) were found in TLR2 -/-mice, although serum IgG was similar between WT and TLR2 -/-mice ( Figure S4B ). These results confirm that GAS constrains Ab responses to itself through the activation of TLR2 but not to soluble antigens.
DISCUSSION
Immune response to GAS infection can be protective or insufficient for preventing subsequent infections, or can be predisposed to autoimmune conditions. TLR2 and TLR4 are important in steering the types and strength of immune responses to infections. However, their roles in adaptive immune response to GAS are less understood. Our study indicates that immune response to GAS is differentially regulated by TLR2 and TLR4. Activation of TLR2 is responsible for robust Th17 responses and leads to constrained Ab production. TLR4, a sensor for gram-negative bacteria, was activated in GAS infection and required for Ab production but was dispensable for Th17 activation. The study demonstrates that TLR2 and TLR4 are activated by GAS and orchestrate cellular and humoral responses.
Robust Th17 responses are induced in GAS infection and are required for GAS protection [6, 7] . However, the connection between TLR2 and the robust Th17 activation by GAS was not recognized. This study demonstrates that the TLR2-dependent Th17 response is responsible for the massive Th17 activation. We found significantly lower Th17 activation and higher Ab responses in TLR2 -/-mice compared to WT mice. However, GAS clearance in TLR2 -/-mice was as efficient as in WT mice. It Figure 4 . TLR2 negatively regulated the Ab response to GAS. Mice were infected as in Figure 2 . A, The levels of GAS-specific IgG in the serum and IgA in NALT supernatant were assessed by ELISA. B, GAS-specific IgG-secreting splenocytes and IgA-secreting NALT cells were examined by ELISPOT assay. C-D, Mice were infected as in Figure 2 , and NALT was removed 6 days after the last infection. The frequencies of CD19 + GL-7 + cells in lymphocytes (C) and T FH cells (CXCR5 + PD-1 + ) in CD4 + T cells (D) of NALT were determined by FACS. Representative FACS plots for C and D are shown. Data are from 2-4 independent experiments and presented as means ± SEM. *P < .05; **P < .01; 2-tailed unpaired t tests. Abbreviations: Ab, antibody; ELISA, enzyme-linked immunosorbent assay; ELISPOT, enzyme-linked immunospot; FACS, fluorescent-activated cell sorter; GAS, group A streptococcus; IgA, immunoglobulin A; IgG, immunoglobulin G; NALT, nasal-associated lymphoid tissue; SEM, standard error of mean; T FH , follicular T helper cells; TLR, Toll-like receptor.
is possible that the increased Ab responses contribute to the GAS clearance in TLR2 -/-mice, leading to noninterference of eradication efficiency. In addition, the robust Th17 activation is likely more than the protection required if sufficient Ab is induced.
TLR-regulated Ab response has not been completely illustrated, although it is the long-held understanding that activation of TLRs mediates Ab-enhancing effects. We found that Ab responses to GAS were significantly reduced in TLR4 -/-mice, accompanied by impaired bacterial clearance and robust Th17 activation. The enhanced TLR2 expression in TLR4 -/-mice could be responsible for the high Th17 activation, and may also play a role in the Ab reduction. However, TLR4 activation by GAS, indicating that TLR4 deficiency plays a role per se, could not be excluded. This will be further identified with TLR2/TLR4 double-knockout mice. In addition, besides DCs, GAS also activated TLR4 on CD3 cells ( Figure 1D ), suggesting that T helper cells are involved in the Ab responses. Clearly demonstrating the role of TLR4 in Ab responses to GAS requires conditional TLR4 knockout mice, in which only DCs or T cells are TLR4 deficient. We are now producing these mice for further studies. In addition to LPS, TLR4 can be activated by hyaluronic acids [18] , which are host-degradation products of the extracellular Figure 5 . The IgA responses to GAS were significantly reduced in TLR4 -/-mice. A-C, Mice were infected with GAS as in Figure 2 . A, The levels of GAS-specific IgA in NALT supernatants were determined by ELISA. B, GAS-specific IgA-secreting NALT cells were determined by ELISPOT. C, The percentages of CD19 -IgA + plasma B cells in NALT removed 6 days after the last infection were analyzed by FACS. Representative FACS plots are shown on the right. Data are from 2-4 independent experiments. D, Mice were infected as in Figure 1 . Transcripts of Tlr4 in NALT of TLR2 -/-mice (left panel) and Tlr2 in NALT of TLR4 -/-mice (right panel) were analyzed by qRT-PCR (n = 4). Data are presented as means ± SEM. *P < .05; **P < .01; ***P < .001; 2-tailed unpaired t tests. Abbreviations: ELISA, enzyme-linked immunosorbent assay; ELISPOT, enzyme-linked immunospot; FACS, fluorescent-activated cell sorter; IgA, immunoglobulin A; GAS, group A streptococcus; NALT, nasal-associated lymphoid tissue; qRT-PCR, quantitative real-time-polymerase chain reaction; SEM, standard error of mean; TLR, Toll-like receptor. Figure 7 . Ab responses to a soluble GAS antigen administered along with GAS. Mice were immunized with scpA and CTB in the presence or absence of an isogenic scpA -GAS strain (0.5-1.0 × 10 8 CFUs) or Pam3CSK weekly for 3 times and 5 days after the last immunization antibody, and Th17 responses were determined. A, The levels of scpA-specific IgG in the serum (upper panel) and IgA in NALT supernatants (lower panel) were assessed by ELISA (n = 6). B, Th17 cells in NALT were examined by flow cytometry. C, scpA -GAS-specific IgA in NALT supernatants were measured by ELISA (n = 6). Data are presented as means ± SEM. *P < .05; **P < .01; 2-tailed unpaired t tests. Abbreviations: Ab, antibody; CTB, cholera toxin B subunit; ELISA, enzyme-linked immunosorbent assay; GAS, group A streptococcus; IgA, immunoglobulin A; IgG, immunoglobulin G; NALT, nasal-associated lymphoid tissue; scpA, C5a peptidase; Th17, T helper 17. ) were assessed by ELISA (n = 6). B, The levels of M1-specific (upper panel) and GAS-specific (lower panel) IgG in the serum were assessed by ELISA (n = 6) (from samples of column pair 3 in A). C, GAS-and M1-specific IgA in NALT supernatants were measured by ELISA (n = 6). Data are presented as means ± SEM. *P < .05; **P < .01; ***P < .001; ****P < .0001; 2-tailed unpaired t tests. Abbreviations: Ab, antibody; CTB, cholera toxin B subunit; ELISA, enzyme-linked immunosorbent assay; GAS, group A streptococcus; IgA, immunoglobulin A; IgG, immunoglobulin G; NALT, nasal-associated lymphoid tissue; Ova, ovalbumin; SEM, standard error of mean; TLR, Toll-like receptor.
matrix during inflammation and also a component of the GAS capsule. Whether TLR4 is activated by hyaluronic acids from GAS or from host tissue is not known. Identifying the role of TLR4 in Ab responses to GAS may provide new information for humoral immunity to gram-positive bacterial infection.
TLR2 activation promotes Ab responses to Candida spp [19] . Oppositely, we observed increased Ab responses to GAS in the absence of TLR2. It has been reported that Th17 cells can function as B-cell helpers to induce B-cell proliferation and antibody production [20] . However, the reciprocally related Th17 and Ab responses found in WT and TLR4 -/-mice implicate a converse possibility. Because mucosal infection induces Th17-biased immune responses, it is possible that overactivated Th17 response through TLR2 by naturally GAS infection at nasopharyngeal mucosa site constrains Ab responses to GAS. This was supported by an observation that antibody responses to GAS in IL-17-deficient mice were significantly higher than in WT mice, although TLR2 in the IL-17-deficient mice was intact (unpublished data). Because systemic infection does not induce high Th17 responses, antibody reduction in systemically infected WT mice would not be expected. It is interesting to test this with a systemic infection model. Even so, the above possible mechanism could not explain the findings that TLR2-mediated restriction of Ab response to GAS but not to antigens coimmunized with GAS, although Th17 was robustly activated in both cases. Currently, there is no explanation for this phenomenon. Significantly increased NALT IgA but not serum IgG responses to coimmunized scpA protein in TLR2 -/-mice suggest that mucosal Ab responses were more affected by TLR2. In addition, Ab responses to molecules that were not associated with GAS were significantly enhanced independent of TLR2 ( Figure 6A and Figure 7A ) in GAS infection. It would be interesting to know whether GAS infection promotes Ab response to host antigens. The cell wall of S. pneumoniae inhibits Ab responses to coimmunized soluble antigens [21] . Whether it is TLR-mediated has not been studied. Moreover, it is recently reported that TLR13 is activated by S. pyogenes ribosomal RNA [22] . Its role in adaptive immunity to GAS is not known.
In conclusion, the results indicate that TLR2 and TLR4 are activated in GAS infection and involved in the regulation of antibody responses to GAS. TLR2 constrains but TLR4 enhances Ab response to GAS. The results also support a hypothesis that TLR2-dependent Th17 activation by GAS does not provide more immune protection but adds risks of predisposition to autoimmune conditions. This work provides insights into the unappreciated role of TLR2 and TLR4 in regulating Th17 and Ab responses, and suggests that TLR2 and TLR4 are potential targets to prevent GAS infections and related pathology, and may play a role in the design of GAS vaccines.
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